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(57) ABSTRACT

The present invention pertains to a boost power factor correc-
tion (PFC) controller. In one embodiment, a boost PFC con-
troller for an AC/DC converter can include: an off signal
generator that compares an inductor current sample signal
against a first control signal, where the inductor current
sample signal increases during an on time of a power switch
of the AC/DC converter, and the off signal generator gener-
ates an off signal when the inductor current sample signal
reaches the first control signal level; and an on signal genera-
tor that compares a second control signal against a third
control signal, where the second control signal increases dur-
ing the off time of the power switch, and the on signal gen-
erator generates an on signal when the second control signal
reaches the third control signal level.

17 Claims, 5 Drawing Sheets
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1
BOOST PFC CONTROLLER

RELATED APPLICATIONS

This application claims the benefit of Chinese Patent
Application No. 201210048426.5, filed on Feb. 29, 2012,
which is incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

The present invention generally pertains to power factor
correction (PFC), and more specifically, pertains to a boost
PFC controller.

BACKGROUND

Power factor correction (PFC) circuitry is typically added
at an input side of a converter to decrease harmonic pollution
to the power grid generated by power electric apparatuses.
Active PFC may be utilized to increase the power factor of
power electric apparatuses to decrease harmonic pollution
because the input current can be regulated to be in phase with
input voltage. Boost PFC topology is typically used to act as
an active PFC circuit, which may become more attractive to
high power applications in continuous conduction mode
(CCM). A typical CCM boost PFC circuit will be described
with reference to the example of FIG. 1.

In FIG. 1, shown is a schematic diagram of a conventional
CCM boost PFC circuit including a power stage and a control
circuit. The power stage can include inductor L, power switch
S,z diode D, input capacitor C,,,, and output capacitor C_,,, to
form a boost topology. Average current control mode may be
utilized by the control circuit that can include a current loop
and a voltage loop. Inductor current can be detected by induc-
tor current sensing circuit 101, and averaged to generate
sensing voltage signal V., representative of the average of
the inductor current. Multiplier 102 can receive rectified input
voltage V_ and feedback signal V, generated by output volt-
age feedback circuit 103, to generate reference signal V,.
Error amplifier W1 may be used to calculate and amplify the
error between reference signal V, and sensing voltage signal
V.., to generate error signal V. The PWM control circuit
may be used to generate a control signal for operation of
power switch S, in based on error signal V, and a sawtooth
signal, as shown. Input current may be regulated accordingly
to maintain an input current waveform that follows the input
voltage to achieve power factor correction.

For this conventional CCM boost PFC circuit, the switch-
ing frequency of power switch SM is constant as determined
by an inner clock signal, such as the sawtooth signal gener-
ated by an oscillator. To achieve improved electromagnetic
interference (EMI) performance, a frequency jitter technique
may be used to isolate higher frequency range noise.

SUMMARY

In view of the above-mentioned, the object of the present
invention is to provide a novel boost power factor correction
(PFC) controller to achieve switching frequency that can be
constant or variable, and that may not require such an inner
clock signal.

In one embodiment, a boost PFC controller configured for
an AC/DC converter can include: (i) an off signal generator
configured to compare an inductor current sample signal
against a first control signal, where the inductor current
sample signal increases during an on time of a power switch
of'the AC/DC converter, and where the off signal generator is
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configured to generate an off signal when the inductor current
sample signal reaches a level of the first control signal; (ii) an
on signal generator configured to compare a second control
signal having a first coefficient of proportionality to an off
time of the power switch against a third control signal having
a second coefficient of proportionality to an off duty cycle of
the power switch, where the second control signal increases
during the off time of the power switch, and where the on
signal generator is configured to generate an on signal when
the second control signal reaches a level of the third control
signal; and (iii) a logic circuit coupled to the on signal gen-
erator and the off signal generator, where the logic circuit is
configured to turn on the power switch when the on signal is
active, and to turn off the power switch when the off signal is
active.

Embodiments of the present invention can advantageously
provide several advantages over conventional approaches.
For example, the inner clock signal can be omitted in the
control circuit, and the switching frequency can be constant
or variable to facilitate design of an EMI filter. The output
voltage feedback signal may also be dependent on the input
power, not the rectified input voltage, which may be adaptive
to different input voltages of a wide variety of global power
grids. Other advantages of the present invention may become
readily apparent from the detailed description of preferred
embodiments below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic diagram of a conventional CCM
boost PFC controller.

FIG. 2 shows a schematic diagram of an example of boost
PFC controller in accordance with embodiments of the
present invention.

FIG. 3 shows a schematic diagram of a more detailed
example of a boost PFC controller in accordance with
embodiments of the present invention.

FIG. 4 shows the operation waveforms of the off signal
generator of the example boost PFC controller illustrated in
FIG. 3.

FIG. 5 shows a schematic diagram of another example of a
boost PFC controller in accordance with embodiments of the
present invention.

DETAILED DESCRIPTION

Reference may now be made in detail to particular embodi-
ments of the invention, examples of which are illustrated in
the accompanying drawings. While the invention may be
described in conjunction with the preferred embodiments, it
may be understood that they are not intended to limit the
invention to these embodiments. On the contrary, the inven-
tion is intended to cover alternatives, modifications and
equivalents that may be included within the spirit and scope of
the invention as defined by the appended claims. Further-
more, in the following detailed description of the present
invention, numerous specific details are set forth in order to
provide a thorough understanding of the present invention.
However, it may be readily apparent to one skilled in the art
that the present invention may be practiced without these
specific details. In other instances, well-known methods, pro-
cedures, processes, components, structures, and circuits have
not been described in detail so as not to unnecessarily obscure
aspects of the present invention.

Boost power factor correction (PFC) controllers in accor-
dance with embodiments of the present invention can be
applied in AC/DC converters that may include a standard
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power stage. Components with the same labels in different
diagrams may have the same or similar functions. Also, par-
ticular embodiments may also be suitable to other types of
converters, regulators, and/or power supply circuits.

In one embodiment, a boost PFC controller configured for
an AC/DC converter can include: (i) an off signal generator
configured to compare an inductor current sample signal
against a first control signal, where the inductor current
sample signal increases during an on time of a power switch
of'the AC/DC converter, and where the off signal generator is
configured to generate an off signal when the inductor current
sample signal reaches a level of the first control signal; (ii) an
on signal generator configured to compare a second control
signal having a first coefficient of proportionality to an off
time of the power switch against a third control signal having
a second coefficient of proportionality to an off duty cycle of
the power switch, where the second control signal increases
during the off time of the power switch, and where the on
signal generator is configured to generate an on signal when
the second control signal reaches a level of the third control
signal; and (iii) a logic circuit coupled to the on signal gen-
erator and the off signal generator, where the logic circuit is
configured to turn on the power switch when the on signal is
active, and to turn off the power switch when the off signal is
active.

Referring now to FIG. 2, shown is a schematic block dia-
gram of a boost PFC controller in accordance embodiments
of'the present invention. This particular boost PFC controller
can include “off” signal generator 201, “on” signal generator
202, and logic circuit 203. For example, off signal generator
201 may provide off control for the power switch control
signal (e.g., activation of power switch S,,), and on signal
generator 202 may provide on control for the power switch
control signal (e.g., deactivation of power switch S,,). One
switching period of the power switch can include ontime T,
and off time T oz

In off signal generator 201, a first control signal may be
generated in accordance with rectified input voltage V, and a
feedback signal representative of the output voltage Vout.
Also, a first sample signal may be generated in accordance
with inductor current ;. For example, inductor current I, may
continue to increase when power switch S, , is turned on. Off
signal generator 201 can receive the first sample signal and
the first control signal. When the first sample signal reaches a
level (e.g., a voltage level, a current level, etc.) of the first
control signal, off signal OFF may be generated to ensure that
inductor current is in direct proportion to rectified input volt-
age V.

On signal generator 202 can include a second control sig-
nal and a third control signal. The second control signal may
be proportional to a turn-off time T, of power switch S, ,,
and the coefficient of which is a first coefficient. The third
control signal may be proportional to a off duty cycle of
power switch S,,, and the coefficient of which is second
coefficient. When the second control signal reaches a level
(e.g., a voltage level, a current level, etc.) of the third control
signal, on signal ON can be generated to ensure that the
switching period maintains a substantially constant value.

Logic circuit 203 may be coupled to on signal generator
202 and off signal generator 201 to control the operation of
power switch S,, in accordance with on signal ON and off
signal OFF. For example, when on signal ON is active, power
switch S,,may be turned on or activated, and when off signal
OFF is active, power switch S,, may be turned off or deacti-
vated.

From the foregoing descriptions, if the ratio of the first
coefficient of proportionality and the second coefficient of
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proportionality is maintained as substantially constant, the
switching period of the power switch may also thus be sub-
stantially constant. In contrast, the switching period of the
power switch may be variable if the coefficient of proportion-
ality ratio is adjustable. Also, during a single switching
period, the on signal generator may be configured to control
off-time of the power switch, while the off signal generator
may be configured to control the on-time of the power switch.

In the particular example boost PFC controller shown in
FIG. 2, the power switch can be operated in a fixed frequency
mode or a jitter frequency mode to decrease design difficul-
ties associated with an electromagnetic interference (EMI)
filter, and without using an inner clock signal of the controller.

Referring now to FIG. 3, shown is a more detailed sche-
matic diagram of a boost PFC controller in accordance with
embodiments of the present invention. In particular, more
details of examples of off signal generator 201, on signal
generator 202, and logic circuit 203 are depicted. For
example, logic circuit 203 can include RS flip-flop 308. Out-
put voltage feedback circuit 301 may also be used to generate
feedback signal V representative of output voltage Vout of
the AC/DC converter.

Off signal generator 201 can include inductor current
sample circuit 302, multiplier 303, and comparator 304.
Inductor current sample circuit 302 may be used to generate
sample signal V_, representative of an average value of the
inductor current. For example, an average value of the induc-
tor current can be determined by averaging the sample signal
of a sample resistor. Multiplier 303 can be used to multiply
rectified input voltage V, and output voltage feedback signal
V. to generate the first control signal V_,,,, the value of which
can be indicated as V.,,,=V, V..

Comparator 304 can be used to generate off signal OFF at
an output terminal depending on first sample signal V, at the
non-inverting input terminal and first control signal V_,; at
the inverting terminal. On signal generator can include sec-
ond control signal generator 305, third control signal genera-
tor 306, and comparator 307. Second control signal generator
305 can include current source I, , and charging capacitor C,
that can be coupled in series between a voltage source and
ground. Also, switch S, can be coupled in parallel with charg-
ing capacitor C, . Further, both switch S, and power switch S, ,
can be controlled by the same power switch control signal as
shown. The voltage at a common node of current source 1,4
and charging capacitor C, may be configured as second con-
trol signal V_,,,».

Third control signal generator 306 can include an averag-
ing circuit to receive voltage source V,, 4, and on signal and
off control signals of the power switch, to generate third
control signal V_,,;;. The third control signal V_,,;; may be
proportion with an off duty cycle of power switch S, . Third
control signal generator 306 can also include switches S, and
S; coupled in series between voltage source V,, 4 and ground.
Also, third control signal generator 306 can include a filtering
circuit with resistor R, and capacitor C, coupled in series
between a common node of switches S, and S and ground.

Switches S, and S; may be controlled by opposite signals,
one of which is in conformity with, or the same control signal
as power switch S, ,, while the other is the inverted version of
that power switch control signal. In addition, the voltage of
second capacitor C, may be configured as third control signal
V _.,.;5- Comparator 307 may be used to generate on signal ON
at and output terminal based on second control signal V__,,,, at
its non-inverting terminal and third control signal V_,,,; at its
inverting terminal.

The logic circuit 203 can include RS flip-flop 308, and the
reset terminal may be coupled to on signal generator 201 to



US 9,054,597 B2

5

receive ON, and the set terminal can be coupled to off signal
generator 202 to receive OFF. Also, an inverted output signal
from RS flip-flop 308 can be coupled to the control terminal
of power switch S, to control operation of power switch S, .
Example operation and principles of the boost PFC controller
will be described in detail as below.

When power switch S, ,is off, switch S, and switch S; may
be off, while switch S, can be on. Charging capacitor C, may
be charged by current source I, and second control signal
V _,.;> may increase, and the value of which can be determined
as the following formula (1).

M

Lrer1
Cy

Verz = Torr X

From formula (1), it can be concluded that a first coefficient
of'proportionality K, can be indicated as a ratio ofthe value of
current source 1,4 and the value of charging capacitor C,,
which can be formulated as in formula (2).

@

Voltage source V,,, may be chopped or rectified by
switches S, and S, and then averaged by the RC filtering
circuit to generate third control signal V_,,,;, which can be
determined as below in formula (3).

©)

Torr
Vs = Vir| —2
ctr’ ref Tx

Thus, third control signal V_,,,; may be in proportion with
a ratio of off time T, and switching period T, of power
switch S, . Further, the second coefficient of proportionality
K, of which may be the value of voltage source V.

When second control signal V_,,,, reaches a level of third
control signal V_,,,; as indicated in the following formula (4),
on signal ON may be generated at the output terminal of
comparator 307 to reset RS flip flop 308. Then, the inverting
output terminal is changed to a high level to turn on power
switch S, .

Torr Lre1 4
Vier1 - = Torr Zfl
B

From formula (4), the switching period T, of power switch
S, can be determined as formula (5):

Ve Gy

_ ®

Trer1

From formula (5), the switching period T, can be deter-
mined by a ratio of the second coefficient of proportionality
and the first coefficient of proportionality. The switching
period T, can be substantially constant or variable by adjust-
ing the ratio of the second coefficient of proportionality and
the first coefficient of proportionality. When voltage source
V,.n is selected as a constant voltage source and current
source L, is selected as a constant current source, the switch-
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ing period T, of power switch S,, may be fixed. Alternatively,
when the voltage source V, , or current source I, are
adjustable, the switching period T, of power switch S, ,can be
variable.

When power switch S, ,is on, both switch S, and switch S,
may be on, while switch S, can be off. Also, capacitor C, may
be discharged through switch S |. Power switch S, ,may not be
turned off until off signal OFF changes to a high level gener-
ated by off signal generator 201. Example operational wave-
forms illustrating these relationships are shown in FIG. 4.

In FIG. 4, when power switch S, ,is on, sample signal V__,
may continue to increase. When sample signal V, reaches a
level (e.g., a voltage level, a current level, etc.) of first control
signal V_,,, off signal OFF may be generated by comparator
304. RS flip-flop 308 can be set by off signal OFF, and the
inverted can be used to turn off power switch S, .

A value of first sample signal V, can be indicated as a
product of a resistance of sample resistor R, and a value of
inductor current I,V =I xR . First control signal V_,,, can
be indicated as a product of rectified input voltage V,_ and
feedback signal V_, V=V xV_. When first sample signal
V... reaches a level of first control signal V ,,;, V,_,.=V .,.;» the
following formula (6) can be indicated.

©

When the boost PFC converter operates in continuous con-
duction mode (CCM), input impendence Z,,, can be calcu-
lated as shown below in formula (7).

M

Thus, input impendence Z,, can be indicated as below in
formula (8).

®

Because the transient response of the output voltage feed-
back circuit may be relatively low, feedback signal V - can be
substantially constant during a power cycle, and input impen-
dence Z,, may be a substantially constant value. Power factor
correction can be achieved to make the input current substan-
tially in phase with the input voltage.

The average input power P,,, of the AC/DC converter of the
particular example shown in FIG. 3 can be concluded from
formula (9) as below.

2 2
b [RAL ©)
n= = =
Zin Ry

From formula (9), it can be seen that feedback signal V_
may be dependent on input power P,, and rectified input
voltage V,, even though power factor correction is achieved.
In another example, a power forward circuit can be supple-
mented with the particular example of FIG. 3 to ensure that
feedback signal V. may be determined only by input power
P,,, and not necessarily by rectified input voltage V,,,.

in
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Referring now to FIG. 5, the example boost PFC controller
of FIG. 3 can further include a power forward circuit config-
ured to generate a peak voltage signal V_,,, in accordance with
rectified input voltage V. First control signal V_,,, can be
indicated as below in formula (10).

ctr

10

When sample signal V__ reaches a level of first control

sen

signal V_,;, the following formula (11) can be indicated.

Ve Ve

VIR,

) an

L=

Thus, input impendence Z,, of the example boost PFC
converter can be indicated as below in formula (12).

2

Ve _ VouRs 1z

Here, in view that the value of peak voltage signal V,, may
be a constant value for a certain power grid, and feedback
signal V_ can be maintained as substantially fixed during a
power cycle, input impendence Z,,, may be a constant value.
Thus, power factor correction can be achieved to ensure that
the input current is in phase with the input voltage.

In addition, the average input power can be calculated as in
formula (13) from formula (12), as shown below.

LV a3

Zn Vg

Here, the ratio of (V,)* and (V,,,)* can be fixed for a certain
power grid, so the input power may be proportional to feed-
back signal V. Also, feedback signal V. may be dependent
only on input power P,,,, and substantially independent of the
rectified input voltage.

In this way, the switching frequency of the power switch
can be controlled by a boost PFC controller without requiring
a clock signal generated by an oscillator, and while achieving
power factor correction. In addition, jitter frequency can be
achieved by adjusting the values of a voltage or current source
to disperse the harmonic interference, and to facilitate design
of EMI filter as compared to conventional jitter frequency
control approaches. Further, a boost PFC controller in par-
ticular embodiments can be applied to different input voltages
of'global power grids through an input voltage forward circuit
because the output voltage feedback signal may be dependent
only on the input power, and not the input voltage.

The foregoing descriptions of specific embodiments of the
present invention have been presented through images and
text for purpose of illustration and description of the boost
PFC controller circuitry and methods of operation. They are
not intended to be exhaustive or to limit the invention to the
precise forms disclosed, and obviously many modifications
and variations are possible in light of the above teaching, such
as the variable number of the current mirror and the alterna-
tives of the type of the power switch for different applications.
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The embodiments were chosen and described in order to
best explain the principles of the invention and its practical
applications, to thereby enable others skilled in the art to best
utilize the invention and various embodiments with various
modifications as are suited to the particular use contemplated.
It is intended that the scope of the invention be defined by the
claims appended hereto and their equivalents.

What is claimed is:

1. A boost power factor correction (PFC) controller con-
figured for an AC/DC converter, the boost PFC controller
comprising:

a) an off signal generator configured to compare an induc-
tor current sample signal against a first control signal,
wherein said inductor current sample signal increases
during an on time of a power switch of said AC/DC
converter, and wherein said off signal generator is con-
figured to generate an off signal when said inductor
current sample signal reaches a level of said first control
signal;

b) an on signal generator configured to compare a peak
value of a second control signal having a first coefficient
of proportionality to an off time of said power switch
against a third control signal having a second coefficient
of proportionality to an off duty cycle of said power
switch, wherein said second control signal increases
during said off time of said power switch, and wherein
said on signal generator is configured to generate an on
signal when said second control signal reaches a level of
said third control signal; and

¢) a logic circuit coupled to said on signal generator and
said off signal generator, wherein said logic circuit is
configured to turn on said power switch when said on
signal is active, and to turn off said power switch when
said off signal is active, wherein each of said second and
third control signals is generated using an output of said
logic circuit that is used to control said power switch.

2. The boost PFC controller of claim 1, wherein a ratio of
said first coefficient of proportionality to said second coeffi-
cient of proportionality is substantially constant to maintain a
switching period of said power switch as substantially con-
stant.

3. The boost PFC controller of claim 1, wherein a ratio of
said first coefficient of proportionality to said second coeffi-
cient of proportionality is adjustable to control a switching
period of said power switch as variable.

4. The boost PFC controller of claim 1, wherein said first
control signal is controlled by a rectified input voltage that is
generated by rectifying an AC input voltage and a feedback
signal that represents an output voltage of said AC/DC con-
verter.

5. The boost PFC controller of claim 4, further comprising
an output voltage feedback circuit configured to generate said
feedback signal, and to control said first control signal to
maintain said output voltage as substantially constant.

6. The boost PFC controller of claim 4, further comprising
a power forward circuit configured to detect a peak value of
said rectified input voltage to generate a peak voltage signal,
wherein said first control signal is configured to be generated
by aratio of a product of said rectified input voltage and said
feedback signal and a square of said peak voltage signal such
that said feedback signal is in proportion to an input power of
said AC/DC converter.

7. The boost PFC controller of claim 4, wherein said off
signal generator comprises:

a) an inductor current sample circuit configured to sample

an inductor current of said AC/DC converter to generate
said inductor current sample signal;
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b) a multiplier configured to multiply said rectified input
voltage and said feedback signal to generate said first
control signal; and

¢) a first compare circuit configured to receive said first
control signal and said inductor current sample signal,
wherein said first sample signal increases when said
power switch is on, and wherein said first compare cir-
cuit is configured to generate said off signal when said
inductor current sample signal reaches a level of said
first control signal.

8. The boost PFC controller of claim 1, wherein said on

signal generator comprises:

a) a second control signal generator having a first current
source, a first charging capacitor, and a first switch,
wherein said first switch is controlled by a same signal as
said power switch, wherein said first current source and
said first charging capacitor are coupled in series
between a first voltage source and ground, and said first
switch is coupled in parallel with said first charging
capacitor, wherein a voltage of said first charging
capacitor is configured as said second control signal, and
wherein a ratio of a value of said first current source and
a value of said first charging capacitor is configured as
said first coefficient of proportionality;

b) a third control signal generator having an averaging
circuit configured to generate said third control signal in
proportion to said first voltage source and said off duty
cycle of said power switch, wherein a value of said first
voltage source is configured as said second coefficient of
proportionality; and

¢) a second compare circuit configured to compare said
second control signal and said third control signal,
wherein said second compare circuit is configured to
generate said on signal when said second control signal
reaches a level of said third control signal when said first
switch is on.
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9. The boost PFC controller of claim 8, wherein said first
voltage source is a substantially constant voltage source and
said first current source is a substantially constant current
source to maintain a switching period of said power switch as
substantially constant.

10. The boost PFC controller of claim 8, wherein at least
one of said first voltage source and said first current source is
adjustable to control a switching period of said power switch
as variable.

11. The boost PFC controller of claim 1, wherein said logic
circuit comprises an RS flip-flop, wherein a reset terminal of
said RS flip-flop is coupled to said on signal generator,
wherein a set terminal of said RS flip-flop is coupled to said
off signal generator, and wherein an output of said RS flip-
flop is configured to control said power switch.

12. The boost PFC controller of claim 11, wherein said
output of said RS flip-flop to control said power switch com-
prises a complementary output.

13. The boost PFC controller of claim 1, wherein said
inductor current sample signal is generated by an inductor
current sample circuit coupled to a first terminal of an induc-
tor in said AC/DC converter.

14. The boost PFC controller of claim 13, wherein said
power switch is connected between a second terminal of said
inductor and ground.

15. The boost PFC controller of claim 4, wherein said first
control signal is in direct proportion with a product of said
rectified input voltage and said feedback signal.

16. The boost PFC controller of claim 1, wherein said
second control signal is configured as a ramp signal.

17. The boost PFC controller of claim 16, wherein a slope
of said ramp signal is consistent with said first coefficient of
proportionality.



